Results from a large-scale, capture-recapture study of humpback whales Megaptera novaeangliae in the North Atlantic show that migration timing is influenced by feeding ground origin. No significant differences were observed in the number of individuals from any feeding area that were re-sighted in the common breeding area in the West Indies. However, there was a relationship between the proportion (logit transformed) of West Indies sightings and longitude (r 2 = 0.97, F 1,3 = 98.27, P = 0.0022) suggesting that individuals feeding farther to the east are less likely to winter in the West Indies. A relationship was also detected between sighting date in the West Indies and feeding area. Mean sighting dates in the West Indies for individuals identified in the Gulf of Maine and eastern Canada were significantly earlier than those for animals identified in Greenland, Iceland and Norway (9.97 days, t 179 = 3.53, P = 0.00054). There was also evidence for sexual segregation in migration; males were seen earlier on the breeding ground than were females (6.63 days, t 105 = 1.98, P = 0.050). This pattern was consistently observed for animals from all feeding areas; a combined model showed a significant effect for both sex (F 1 = 5.942, P = 0.017) and feeding area (F 3 = 4.756, P = 0.0038). The temporal difference in occupancy of the West Indies between individuals from different feeding areas, coupled with sexual differences in migratory patterns, presents the possibility that there are reduced mating opportunities between individuals from different high latitude areas.
INTRODUCTION
Extensive annual migration is a prominent feature in the lives of most mysticete cetaceans. Many species feed in productive high latitude waters, then migrate thousands of kilometres to low latitudes for calving and in some species also for mating. Even among mysticetes, humpback whales Megaptera novaeangliae are notable migrants with several instances of 8000 km migration reported (e.g. Stone, Florez-Gonzalez & Katona, 1990; Darling et al., 1996; . However, details of migration patterns are often poorly *All correspondence to: P. S. Hammond, Sea Mammal Research Unit, Gatty Marine Laboratory, University of St Andrews, Fife KY16 8LB, Scotland, U.K. E-mail: psh2@st-andrews.ac.uk known, as the frequently pelagic existence and wide range of mysticetes makes them difficult to observe. Further, cetacean populations may extend across entire ocean basins, so logistical and resource limitations have restricted most studies to a fraction of this range.
Individual humpback whales show a high degree of fidelity to sites within their summer feeding range in the North Atlantic; little exchange is observed between these areas. This leads to structuring of the population evident in movement patterns (Katona & Beard, 1990) , phenotypic characteristics (Allen et al., 1994) and mitochondrial genetic markers (Palsbøll, Clapham, Mattila et al., 1995) . However, there is not necessarily a relationship between feeding areas and breeding areas and high-latitude origin is thought to have little influence on the breeding system (Clapham, 1996) . Within the North Atlantic, feeding concentrations of humpback whales are found in areas of high productivity extending from the north-east coast of the U.S.A. to the Barents Sea (Katona & Beard, 1990; Smith et al., 1999; Fig. 1) . Individuals from all North Atlantic feeding aggregations are known to congregate on a common breeding area in the West Indies for mating and calving (Katona & Beard, 1990; Stevick, Øien et al., 1999) . Current evidence suggests that this behaviour leads to nearly random mating opportunities relative to feeding ground origin (Clapham, Mattila & Palsbøll, 1993) , and this is reflected in the genetic structure of the population (Larsen et al., 1996; Palsbøll, Clapham, Jørgensen et al., 1998 ; but see Valsecchi et al., 1997) . However, significant deviation has been reported in the number of individuals from different feeding areas identified in the West Indies (Katona & Beard, 1990) . Further, non-random association has been shown between animals from some feeding aggregations and specific areas within the West Indies breeding ground (Whitehead & Glass, 1985; Katona & Beard, 1990) .
There has been considerable uncertainty about the stock structure of humpback whales in the eastern North Atlantic. It has been suggested that eastern and western North Atlantic humpback whales constitute separate stocks, though the specific boundaries of the two stocks and the extent of overlap have been controversial (see reviews by Mitchell & Reeves, 1983; Christensen, Haug & Øien, 1992) . Humpback whales are known to occur in the Cape Verde Islands in winter (Hazevoet & Wenzel, 2000) , consistent with an eastern breeding area, though no re-sightings from this area have been confirmed. Genetic analysis of nuclear markers revealed a low but significant degree of heterogeneity between samples collected off Iceland and those collected in the western North Atlantic (Valsecchi et al., 1997) . Recent findings that animals from Norwegian waters are sighted later in the West Indies season than the mean for other areas suggests that feeding ground origin may influence timing of occurrence in the West Indies.
Sighting records were analysed from the only largescale, systematic, capture-recapture study of humpback whales across an ocean basin to examine migration patterns in North Atlantic humpback whales. Presence on the breeding ground was examined as a function of feeding ground origin both overall and with respect to timing, and also as a function of sex.
METHODS
The data presented here were collected as part of the Years of the North Atlantic Humpback Whale project (YoNAH). Sampling for the YoNAH project was conducted during 1992 and 1993 in all of the major feeding areas and the West Indies breeding area (Smith et al., 1999) . Standardized sampling protocols for locating groups of whales, systematically covering groups once located and maximizing the chances of successfully sampling each individual were used in all areas as described by Smith et al. (1999) . Individual animals were identified from photographs of natural markings on the ventral surface of the flukes (Katona et al., 1979) . Because the quality of photographs can influence the ability of observers to identify re-sightings (Stevick, Palsbøll et al., 2001) , the rate of re-sighting was calculated using only photographs of whole flukes of quality categories 3+ or better as described by Friday et al. (2000) . Skin biopsy samples were also collected for genetic analysis. Gender information was primarily obtained from these genetic analyses (Palsbøll, Vader et al., 1992; Bérubé & Palsbøll, 1996a,b) . Where individuals were identified as mothers with calves, but no biopsy samples were collected, these were classified as females. Details of field sampling protocol, survey effort, data collection, and laboratory methods are provided by Smith et al. (1999) .
Great-circle distances were calculated using the formula presented by Bowditch (1977) . Calculated migratory distances did not account for intervening land, as routes travelled are unknown, and in no instances did intervening land require a detour of > c. 300 km from the direct transit. While little is known about arrival or residence times on the breeding grounds, few individuals were seen on multiple days, and the first date on which an individual was identified was used to indicate arrival time.
Individuals were assigned to 1 of 5 geographically distinct high-latitude feeding areas: the Gulf of Maine, Canada (comprising Newfoundland, Labrador and the Gulf of St Lawrence), West Greenland, Iceland and Norway ( Fig. 1) . As there is little information on movement patterns of individuals from the eastern North Atlantic, data from this region were treated in 4 different ways in preliminary analysis: (1) the pooled results from Iceland and Norway were treated as a single area; (2) samples from Iceland, the Barents Sea and near Jan Mayen were treated as 3 separate areas; (3) samples from the Jan Mayen area were grouped with Iceland because of geographic proximity and those from the Barents Sea were treated separately; (4) samples collected by the Icelandic and Norwegian field projects were considered as 2 areas. These different treatments usually had little influence on the results. Therefore, the geographically consistent grouping of Iceland with Jan Mayen was used in most analyses, while this group was sometimes further combined with the Barents Sea sample into an Eastern North Atlantic group.
To compare rates of exchange between the different feeding areas and the West Indies, observed re-sightings were compared with the number of re-sightings expected assuming random movement throughout the population. This is given as:
where f i = sample from feeding area i, b = sample from the West Indies breeding area andN = estimated abundance.
Abundance of humpback whales in the North Atlantic was recently estimated as 10 600 (95% C.I. 8000-13 600) (Smith et al., 1999) , and this estimate was used for these calculations.
RESULTS
A total of 1508 individual humpback whales was identified in the West Indies breeding area. Of these, 184 were resampled at high latitudes during the project of which 58 were identified as males and 49 as females. Of the individuals sighted in the West Indies, 1080 were identified from photographs of whole flukes of quality 3+ or better, of which 153 were re-sighted in high latitudes from photographs of comparable quality (Table 1) . Migratory distances observed ranged from 2300 to 8080 km. Sampling in the West Indies extended from 15 January to 25 March 1992 and 19 January to 14 March 1993.
Movement to the West Indies
Individuals from all feeding areas were identified in the West Indies. The observed movements were not significantly different than expected, either overall (χ 2 4 = 3.95, P = 0.41) or from any single feeding area. However, the observed numbers were greater than expected in the Gulf of Maine, Canada and Greenland and less than expected in Iceland and Norway. There was a logistic relationship between the proportion of individuals from each feeding area sighted in the West Indies and the longitude of the feeding area ( Fig. 2; R 2 = 0.97, F 1,3 = 98.27, P = 0.0022).
West Indies sampling was conducted in four geographical areas: Silver Bank, Navidad Bank and Samana Bay off of the Dominican Republic and off the west coast of Puerto Rico. Individuals from the different feeding areas did not appear to be distributed as expected between these sampling areas given random mixing (χ 2 12 = 26.44, P = 0.0093). However, these results must be treated with caution, as 13 of 20 cells had expected values of less than five.
Timing
Overall there was a positive relationship between breeding area sighting date and migratory distance (Fig. 3) . Mean sighting dates in the West Indies for individuals from the U.S.A. and Canada (western group) were nearly identical (16 and 15 February, respectively), as were those for whales from Greenland, Iceland and Norway (eastern group, 26, 24 and 25 February, respectively). The mean sighting date in the West Indies of individuals from the western group was significantly earlier than that from the eastern group (9.97 days, t 179 = 3.53, P = 0.00054). If animals from different feeding aggregations show preference for specific areas sampled within the West Indies, it is possible that some of the difference observed resulted from differences in sampling dates in these areas. However, the resulting difference in dates for sightings of eastern and western animals was similar when data were restricted to Silver Bank, the region of the West Indies from which over three-quarters of all individuals were identified, and the difference remained very highly significant (10.24 days, P = 0.00001). Males were sighted earlier in the West Indies than were females (6.63 days, t 105 = 1.98, P = 0.050). This pattern was consistently observed for animals from all feeding areas. To account for the differences in timing by feeding area, a two-way ANOVA was conducted. The interaction term was not significant and was excluded. A significant effect was shown for both sex (F 1 = 5.942, P = 0.017) and feeding area (F 3 = 4.756, P = 0.0038).
DISCUSSION
These results confirm that individuals from all feeding areas in the North Atlantic visit the West Indies in winter and do so at similar rates. Thus, these findings support the idea that individuals from throughout the North Atlantic use the West Indies region as a breeding and calving area. However, the change in proportion of West Indies sightings with longitude indicates that individuals from more easterly feeding areas are less likely to be observed in the West Indies.
Some humpback whales are known to winter outside the West Indies. Winter sightings are reported from the Cape Verde Islands for example (Hazevoet & Wenzel, 2000) . If whales using these other regions constitute a separate breeding group, and if these individuals primarily feed in the eastern regions of the North Atlantic as genetic results suggest (Valsecchi et al., 1997) , then fewer animals from these eastern areas would travel to the West Indies. Alternatively, it has been suggested that not all humpback whales migrate or complete migration each year (Brown et al., 1995; Craig & Herman, 1997) . If this is true, then individuals with longer more costly migration may be less likely to be present on the breeding grounds in a given year, or may stay less time there, reducing the probability of them being identified. Given the temporal segregation identified here, the timing of sampling on the breeding grounds could influence the feeding ground origin of individuals in the sample from the West Indies, though previous studies have suggested that few humpback whales are sighted in the West Indies after the sampling period from this study (Whitehead, 1982) . These explanations are not mutually exclusive and the data currently available do not allow us to distinguish between them.
East is east and west is west
Western and eastern humpbacks seem to follow different migratory schedules in the North Atlantic, with individuals from western regions arriving on average significantly earlier than whales from eastern regions. One potential explanation for this difference is the difference in transit distances to the West Indies; if migratory rates are similar, then individuals with longer transits will arrive later. Alternatively, if food resources are predictably available at different times in the different regions, departure dates may vary as a function of foraging strategy. There are currently few data available with which to evaluate either migratory travel rates or the timing of prey availability and its influence on timing of migratory departure.
While differences were observed in the degree to which individuals from the different feeding areas were sighted in the different regions within the West Indies, the ability to evaluate this difference quantitatively is limited by small sample size, and it may or may not reflect preferential associations between northern and southern areas. It may instead be related to the timing of sampling effort in the West Indies regions. On Navidad Bank, for example, where animals from the Gulf of Maine and Canada are under-represented and those from Iceland and Norway over-represented, only 30% of samples were collected before 20 February (early season). Similarly, the standardized deviates ((observed-expected)/expected 0.5 ) for the western feeding group to the different West Indies areas showed a strong but non-significant relationship with the proportion of early season sampling in those areas (r 3 = 0.71, NS).
Sexual segregation
Segregation of migration by age, sex or reproductive class has been reported for several baleen whales (Lockyer & Brown, 1981; Swartz, 1986; Dawbin, 1997) . In humpback whales, sexual segregation has been noted in migration timing and in the frequency of sightings on the breeding grounds or migration routes (Brown et al., 1995; Dawbin, 1997) . Dawbin (1997) reported on the timing by sex and reproductive status of humpback whales from the catch records of Southern Hemisphere whaling stations located along migration routes. Comparisons of catch records with re-sighting records are confounded by the different levels of information available on sex and reproductive class for the two samples, and by different sampling biases. None the less, the gender differences in sighting dates from the West Indies observed in this study do not seem to be consistent with the migratory segregation identified by Dawbin (1997) .
No overall difference in the catch dates of adult males and females is evident in the catch data from the southern hemisphere for individuals travelling north towards the breeding range (difference of 0.35 days). It is known that mothers with newborn calves are severely underrepresented in the photographic data as they rarely perform fluking dives. Excluding sightings of females with newborn calves from these results leads to the loss of four individuals from these data, and changes the mean sighting date for females by 0.21 days. In contrast, excluding females in late pregnancy from the catch results leads to females migrating on average 5.24 days earlier than males, nearly the reverse of the pattern identified here.
It is possible that individuals in the northern and southern hemispheres have developed different migratory schedules in relation to different selective pressures. Some evidence for inter-area differences in migratory segregation is found within the catch data. The catch data from several stations, notably Byron Bay, Moreton Island and Norfolk Island, show remarkably similar patterns to those identified here. However, Dawbin (1997) attributed these differences primarily to selection bias during whaling operations.
The use of common areas for breeding by whales from different feeding areas, high mobility within these breeding areas, the lack of evidence for preferential association in breeding groups between individuals from common feeding areas and the lack of nuclear genetic structure, have all suggested that mating opportunities in North Atlantic humpback whales are nearly random relative to high latitude origin. The results presented here show, however, that feeding ground origin does influence temporal presence of individuals in the West Indies.
This temporal difference in occupancy patterns for the West Indies presents the possibility that there are reduced mating opportunities between individuals of different high latitude origins. The mean sighting date for males from the western group is nearly 3 weeks earlier than that of females from the eastern group (20.41 days, t 50 = 3.30, P = 0.0018). Further, it has recently been demonstrated that individual females are located in the West Indies on similar dates in subsequent years, and seem to have shorter residence time in the breeding grounds than do males (D. Mattila, pers. obs.). Thus the geographic origin of the males with which a female mates may be in part a function of her preferred timing in the breeding range. The extent to which these differences in timing influence mating opportunities depends upon the amount of time individuals spend in the breeding grounds, differences in residence times between males and females and also on the receptive period of females. Few data currently exist to help evaluate these parameters and thus to assess the extent to which mating opportunities are influenced by the timing difference.
Any degree of reproductive segregation between individuals of different high latitude origin might seem to be at odds with the high degree of genetic uniformity found in humpbacks from the North Atlantic. The segregation shown here is far from absolute, however. Only the relative number of individuals from the different high-latitude regions varies during the season. Very low rates of gene flow are required to maintain genetic homogeneity, so this relative segregation will not influence the genetic composition of the population.
Thus the sex, reproductive condition and high-latitude origin of animals using a breeding area will vary during the mating season. While the precise interplay of these factors may be difficult to unravel, they indicate that there is considerable complexity in the factors influencing the breeding system in humpback whales.
